We present ab initio calculations for atomic oxygen adsorption on Ir͑111͒ for a wide range of oxygen coverages, ⌰, namely from 0.11 to 2.0 monolayers ͑ML͒, including subsurface adsorption and thin surfaceoxide-like structures. For on-surface adsorption, oxygen prefers the fcc-hollow site for all coverages considered. Similarly to oxygen adsorption on other transition metal surfaces, as ⌰ increases from 0.25 ML to 1.0 ML, the binding energy decreases, indicating a repulsive interaction between the adsorbates. For the coverage range of 0.11 to 0.25 ML, there is an attractive interaction, suggesting the possible formation of a local ͑2 ϫ 2͒ periodicity with a local coverage of ⌰ = 0.25 ML. Pure subsurface oxygen adsorption is found to be metastable and endothermic with respect to the free O 2 molecule. For structures with coverage beyond one full ML, we find the incorporation of oxygen under the first Ir layer to be exothermic. As the subsurface O coverage increases in these structures from 0.5 to 1.0 ML, the energy becomes slightly more favorable, indicating an attractive interaction between the O atoms. The structure with the strongest average O binding energy is however a reconstructed trilayer-like structure that can be described as a ͑ ͱ 3 ϫ ͱ 3͒R30°oxide-like layer in p͑2 ϫ 2͒ surface unit cell, with coverage 1.5 ML. Through calculation of the surface Gibbs free energy of adsorption, taking into account the pressure and temperature dependence through the oxygen atom chemical potential, the calculations predict only three thermodynamically stable regions, namely, the clean surface, the p͑2 ϫ 2͒-O phase, and bulk IrO 2 . Thin trilayer surface oxide structures are predicted only to form when kinetic hindering occurs, in agreement with recent experimental work.
I. INTRODUCTION
Obtaining a detailed knowledge of the surface structure and stoichiometry is crucial for understanding the physical and chemical properties of advanced materials such as those used in heterogeneous catalysis, corrosion resistance, electronic devices, sensors, and fuel cells. [1] [2] [3] This knowledge is also central for enhancing the performance of existing catalysts as well as developing new ones. 4 Many current industrial processes involve catalytic oxidation reactions, 5 where the catalysts are typically transition metal particles dispersed on oxide supports. 6 The importance of transition metals ͑TMs͒ for such reactions has motivated large numbers of studies on oxygen-metal interactions at low index surfaces of TMs with the aim of obtaining a better understanding of the underlying mechanisms. [7] [8] [9] For example, oxygen adsorption on Ru͑0001͒, [10] [11] [12] [13] [14] Rh͑111͒, 15, 16 Pd͑111͒, 17, 18 Ag͑111͒, [19] [20] [21] [22] [23] [24] Ni͑111͒, 25 Cu͑111͒, 5 Pt͑111͒ 26, 27 , and Au͑111͒ 28 surfaces has been studied in detail theoretically. Recently, a trend study addressing the incorporation of oxygen into the basal plane of the late 4d TMs from Ru, Rh, Pd to Ag was carried out. 29 It was found that occupation of subsurface sites is connected with a significant distortion of the host lattice, rendering it initially less favorable than on-surface chemisorption. Oxygen penetration below the surface of the substrate only starts after a critical coverage, and is a key signature for oxide formation at transition metal surfaces. The initial coverage was found to be lower for the TMs to the right in the Periodic Table, which bind O more weakly.
On the experimental side, many techniques such as AES ͑Auger electron spectroscopy͒, EELS ͑electron-energy-loss spectroscopy͒, HREELS ͑high-resolution electron-energyloss spectroscopy͒, LEED ͑low-energy electron diffraction͒, NEXAFS ͑near-edge x-ray-absorption fine structure͒, STM ͑scanning tunneling microscopy͒, TDS ͑thermal desorption spectroscopy͒, TPD ͑temperature programmed desorption͒, and XPS ͑x-ray photoelectron spectroscopy͒ have been applied to help determine the structure of surfaces. 30, 31 One or several of these techniques have been used to study oxygen adsorption on Ru͑0001͒, 32 Rh͑111͒, 33 Pd͑111͒, 34, 35 Ni͑111͒, 36, 37 Cu͑111͒, 38, 39 Pt͑111͒ 40 , and Au͑111͒. 41 As a late 5d transition metal, iridium shows potential in a great variety of applications, particularly as a heterogeneous catalyst in various industrial chemical reactions: 42 Ir and Iralloy catalysts are widely used in reactions that require the activation of strong C-H bonds. It has been shown that oxygen-precovered Ir͑111͒ catalyzes the oxidization of propylene and isobutylene to produce acetone. 43 These olefins are cleaved at the C = C double bond on the iridium surface to form ketones and carboxylic acids, 44 producing no side products which are often seen when other catalysts are used. An example of such organic reaction catalysis is the use of Ir-based catalysts to improve the production of acetic acid by a methanol carbonylation process. 45 With the increased demand for clean alternative energy, iridium is also now seen as a potential catalyst for CO x -free production of hydrogen from ammonia 46 and gasoline 47 to be used as fuel in automobile fuel cells. In addition, it is also considered as an improvement to the automobile catalytic converter because of its unique ability to decompose NO as well as reduce NO x in the presence of hydrocarbons. 48 Clearly, a more detailed atomic-level understanding of the interactions of these gas phase species with Ir surfaces would be very valuable, which could lead to improved Ir-based catalysts with greater selectivity and activity.
Since the interaction of the iridium catalyst with an oxidizing environment is common to several important heterogeneous reactions mentioned above, we address this in the present paper using first-principles calculations. We focus on the ͑111͒ surface and present results for oxygen adsorption and initial oxidation, and determine the pressure-temperature phase diagram for conditions extending from ultrahigh vacuum to those typical of technical catalysis, comparing the results to other O/TM systems. The interaction of atomic oxygen with single crystal Ir͑111͒ surfaces has been the subject of several experimental studies. LEED ͑Ref. 49͒ and ultraviolet photoelectron spectroscopy ͑UPS͒ studies showed that exposure of a clean Ir͑111͒ surface to oxygen produces a ͑2 ϫ 2͒ LEED pattern. 50 Such a pattern could either be caused by a p͑2 ϫ 2͒ surface structure or by three domains of a ͑1 ϫ 2͒ surface structure rotated by 120°with respect to one another. The ͑1 ϫ 2͒ surface structure corresponds to a coverage of 1/2 ML. XPS and HREELS ͑Refs. 51 and 52͒ studies found that 1/2 ML was the maximum coverage for atomic oxygen. A single chemisorbed state for atomic oxygen on Ir͑111͒ was perceived from the observation of a single loss peak in EELS spectra at 550 cm −1 at the saturation coverage. 53 With regard to theoretical investigations, chemisorption of atomic O on Ir͑111͒ was studied by using first-principles density functional theory ͑DFT͒ calculations. 54, 55 The preferred binding site, atomic structure and vibrational frequencies at 0.25 ML coverage, calculated in a p͑2 ϫ 2͒ surface unit cell, were reported. It was found that atomic oxygen adsorbs preferentially in the threefold fcc-hollow site. Ab initio investigations of oxygen adsorption on Ir͑111͒ have therefore been limited to a very narrow range of oxygen coverage, and to zero pressure and zero temperature. Often the results obtained in such studies cannot be extrapolated directly to the technologically relevant situation of finite temperature and high pressure. 2 In particular, possible oxidation of the surface in a reactive oxygen-rich environment has been thought to lead to the formation of an inactive surface oxide outer layer, poisoning the catalytic reaction. However, conversely it could well play the role of the active centers, as seen in other O/TM systems. 56 Upon exposure to an oxygen atmosphere, the structures formed on the surfaces may vary from simple adlayers of chemisorbed oxygen, to oxygen diffusion into the subsurface region and the formation of oxides, depending on the partial pressure, temperature, and orientation of the metal substrate. Oxidation catalysts can be rather complex, often involving multiple phases and various active sites. Hence a careful study of the role of each phase and its specific interaction under working conditions is required to suggest efficient ways of catalyst improvement.
II. CALCULATION METHOD
All calculations are performed using DFT as implemented in the all-electron DMol 3 code, 57, 58 where we employ the generalized gradient approximation ͑GGA͒ of Perdew, Burke, Ernzerhof ͑PBE͒ for the exchange-correlation functional. 59 The Ir͑111͒ surface is modeled using a supercell approach, where we use seven-layer Ir͑111͒ slabs with a vacuum region of 25 Å. Oxygen atoms are adsorbed on both sides of the slab, preserving inversion symmetry. The oxygen atoms and the outmost two Ir layers are allowed to fully relax. To obtain highly converged surface properties, it is necessary that bulk and surface calculations are performed with the same high accuracy. 60 The wave functions are expanded in terms of a double-numerical quality localized basis set with a real-space cutoff of 10 bohr for both the bulk and the surface. Polarization functions and scalar-relativistic corrections are also incorporated explicitly. We consider oxygen coverages from 0.11 ML to 2.00 ML using ͑3 ϫ 3͒, ͑2 ϫ 2͒, and ͑1 ϫ 1͒ surface unit cells in which adsorption in various on-surface and subsurface sites, as well as surfaceoxide-like structures, were investigated as explained below. The total energy, force on the atoms, and displacements are converged to within 1 ϫ 10 −6 Ha͑2.7ϫ 10 −5 eV͒, 3 ϫ 10 −4 Ha/ Bohr͑1.5ϫ 10 −2 eV/ Å͒, and 3 ϫ 10 −4 Bohr͑1.6 ϫ 10 −2 Å͒, respectively, in the DFT self-consistent cycles. The Brillouin-zone integrations are performed using a ͑12 ϫ 12ϫ 1͒ Monkhorst-Pack ͑MP͒ grid for the ͑1 ϫ 1͒ surface unit cell, yielding 19 special k-points in the irreducible part of the surface Brillouin zone. We find that the change in cohesive energy of bulk Ir is less than 10 meV per Ir atom when increasing the real-space cutoff radius from 8 to 12 bohr. To test the variation of the change in cohesive energy of bulk Ir as a function of the k-point mesh density, we vary the MP integration grids, denoted by ͑M ϫ M ϫ M͒, with M taking ͑even͒ values of 6 to 16. The variation is found to be less than 3 meV per Ir atom when changing the k-point mesh from M = 10 to 16. Thus, for bulk Ir calculations, we adopt a cut-off radius of 10 bohr and a MP k-point mesh of ͑12ϫ 12ϫ 12͒. Using the same cut-off radius for the slab calculations, we also find that increasing the k-mesh for the surface unit cell from ͑6 ϫ 6 ϫ 1͒ to ͑16ϫ 16ϫ 1͒ changes the surface energy of Ir͑111͒ by 3 meV/ Å 2 . For the surface calculations, we use a MP k-point mesh of ͑12ϫ 12ϫ 1͒ for the surface unit cell, and this k-point mesh is folded accordingly for larger surface cells.
We address the stability of O/Ir͑111͒ structures with respect to adsorption of O by calculating the average binding energy per O adatom. The average binding energy per oxygen atom, E b O/Ir , is defined as
where N O , E O/Ir , E Ir , and E O , are the number of oxygen atoms in the surface unit cell, the total energies of the adsorbatesubstrate system, the clean surface, and the free oxygen atom, respectively. The binding energy is the energy that a free oxygen atom gains upon adsorption on the Ir surface. For the formation of a surface oxide, the average adsorption energy is defined as
where ⌬N Ir is defined to be the difference in the number of Ir atoms of the surface structure compared to the ideal Ir͑111͒ substrate layer, and E Ir bulk is the total energy of an iridium atom in bulk. This term appears since the missing Ir atoms are assumed to be rebound at kink sites at steps, which contribute an energy equal to that of a bulk Ir atom. To analyze the nature of bonding, we consider the difference electron density,
where n͑r͒ is the total electron density of the adsorbatesubstrate system, and n 0 ͑r͒ and n O ͑r͒ are the electron densities of the clean substrate and the free oxygen atom, respectively, where the atomic geometry of the substrate is that of the relaxed adsorbate system ͑but without the O atoms͒. This quantity then shows from which regions the electron density has been depleted and increased due to O adsorption on the surface.
Using the Helmholtz equation, the surface dipole moment ͑in Debye͒ is calculated according to the formula
where A is the surface area in Å 2 per ͑1 ϫ 1͒ surface unit cell, and ⌬⌽ is the work-function change in eV. In order to investigate the effect of pressure and temperature on the stability of the various structures, we calculate the surface free energy of adsorption,
where 
slab , one needs to calculate the Gibbs free energies of both the adsorption and reference systems. Recent studies ͑e.g., Ref.
63͒ have shown that for O/TM systems a good approximation is to use the total energies from the DFT calculations which is what we have done in the present work. The relationship between the total energies of DFT calculations and the Gibbs free energies of the systems has been discussed in detail in the literature. 61 Briefly, the contributions due to the vibrational free energy, configurational entropy and the pressure-volume ͑pV͒ term are present in the Gibbs free energies. The pV term is of the order of tenths of meV/ Å 2 , from a dimensional analysis for the ͑p , T͒ ranges we are interested in, and hence can be safely neglected. The vibrational contribution is usually small for such systems, typically less than 10 meV/ Å 2 ͑see Appendix for details͒. The contribution from configurational entropy is known to be non-negligible at phase transition boundaries, 64 but it is omitted for this study since we only focus on the relative stability of the various structures.
III. RESULTS

A. Clean Ir(111), bulk Ir and the oxygen molecule
We first consider the properties of bulk Ir and the Ir͑111͒ surface. The calculated properties are listed in Table I ͑the free Ir atom is calculated including spin polarization͒. The calculated bulk lattice constant is a 0 = 3.85 Å neglecting zero-point vibrations. The cohesive energy, E coh , is calculated to be 7.45 eV and the bulk modulus, B 0 = 3.57 Mbar. The corresponding experimental values are 3.84 Å, 6.94 eV, and 3.55 Mbar. 67 Our values are also in line with other reported DFT-GGA results of a 0 = 3.89 Å and E coh = 7.46 eV. 67 The obtained interlayer relaxations d i,j between layers i and j with respect to the bulk spacing ͑d = 2.224 Å͒ are ⌬ 12 = −1.57% and ⌬ 23 = −0.49% for the topmost layers. 70 To the best of our knowledge, there are no recent experimental results for the surface relaxation of the Ir͑111͒ surface, except the early report of a contraction of 2.5Ϯ 5% for the first interlayer spacing. 71 We can compare our results with that of Rh, the upper neighbor of Ir in the Periodic Table. The contractions of the topmost two interlayer spacings of Ir͑111͒ are slightly smaller than those of the Rh͑111͒ surface obtained from DFT-GGA calculations as implemented in the all-electron full-potential-linearized augmented plane-wave method ͑FP-LAPW͒, 71 which are ⌬ 12 = −1.8% and ⌬ 23 = −0.9%, though the trend is the same. For Rh, the experimental results determined by recent LEED analyses are ⌬ 12 = −1.4Ϯ 0.9% and ⌬ 23 = −1.4Ϯ 1.8%. 72 For Pt, the right neighbor of Ir, the change in the uppermost two interlayer spacings are ⌬ 12 = 1.20% and ⌬ 23 = −0.50%, as reported from DFT-GGA calculations using the FP-LAPW method, 60 while the experimental result for ⌬ 12 is 1.0Ϯ 0.1%. 73 The calculated work function for the clean surface of Ir͑111͒ is 5.88 eV and is in line with the reported experimental value 5.76 eV. 74 For the oxygen atom and molecule, spin-unrestricted calculations using nonspherical densities are performed where the real-space cutoff for the calculation of both the oxygen atom and oxygen molecule is increased to 20 bohr, the largest basis set available in the DMol 3 For on-surface oxygen adsorption, we calculate the binding energies for a range of coverages ⌰: ͑3 ϫ 3͒-O͑⌰ = 0.11 ML͒, ͑2 ϫ 2͒-O͑⌰ = 0.25 ML͒, ͑2 ϫ 2͒-2O͑⌰ = 0.50 ML͒, ͑2 ϫ 2͒-3O͑⌰ = 0.75 ML͒, and ͑2 ϫ 2͒-4O͑⌰ = 1.00 ML͒. We consider adsorption in the fcc-and hcphollow sites, and top sites. For subsurface sites, we calculate adsorption in ͑i͒ the octahedral site, denoted hereafter as "octa," and ͑ii͒ the tetrahedral sites. There are two types of tetrahedral sites; one is where there are three Ir atoms above it and one below, denoted as tetra-I, and the alternative one, tetra-II, is just the opposite with one surface Ir atom directly above and three below it in the second Ir layer. For 0.25 ML coverage, we also consider the bridge site. For structures involving both on-surface and subsurface O atoms, we start from the ͑2 ϫ 2͒-4O on-surface configuration and add subsurface oxygen atoms below the surface Ir layer. We investigated three possible site configurations: fcc/tetra-I, fcc/ tetra-II, and hcp/octa for various coverages. We performed calculations for oxygen in these different sites up to a total coverage 2.0 ML ͑see Fig. 1͒ .
Previous studies for O / Rh 15 and O / Ru 10 identified a reconstructed surface-oxide-like structure that is energetically more favorable than the homogeneous chemisorbed phases discussed above. In particular, for ⌰ = 1.50 ML, the atomic configuration of this surface oxide is similar to that of the 2.0 ML "mixed" on-/subsurface structure, except that the O-M-O trilayer ͑where M =Rh or Ru͒ is laterally expanded and rotated 30°relative to the underlying substrate such that it consists of three metal atoms and six oxygen atoms in the p͑2 ϫ 2͒ cell ͓instead of four metal and eight oxygen atoms as for in the 2.0 ML "mixed" on-surface+ subsurface structure ͑Fig. 1͑d͔͒͒. The metal atoms are located in highsymmetry sites, namely, fcc, hcp, and on-top sites. The stoichiometry of this surface oxid-like layer is 1Ir:2O, the same as that of bulk iridium dioxide, IrO 2 . This surface structure can be described as a ͑ ͱ 3 ϫ ͱ 3͒R30°oxide layer on a p͑2 ϫ 2͒ / Ir͑111͒ surface unit cell ͑see Fig. 2 , labeled as "p2 : IrO 2 " and referred to "͑3 / ͱ 2 ϫ ͱ 2͒" hereafter͒. The average oxygen binding energy of this structure is 3.94 eV, and it is energetically more favorable than the on-surface O/Ir͑111͒ structure at 1.0 ML oxygen coverage ͑which has an average binding energy of 3.83 eV͒. From Fig. 2 , it can be seen that the coupling of this O-Ir-O trilayer to the underlying metal is via the lower O. The first Ir͑111͒ interlayer distance, d 12 , is notably expanded to 3.01 Å which is about 35% larger compared to the Ir bulk value.
We also consider a similar structure, where the O-Ir-O trilayer is laterally shifted such that the lower lying oxygen atoms occupy the above-mentioned high-symmetry sites ͑in-stead of the Ir atoms͒. It is labeled as "p2 : IrO 2 -SR." The average binding energy of oxygen in this structure is calculated to be 3.78 eV. FIG. 1. ͑Color online͒ Atomic geometry of oxygen structures with a full monolayer of oxygen on the surface in the fcc site, for increasing subsurface oxygen concentrations, as calculated using a ͑2 ϫ 2͒ surface unit cell. ͑a͒ Full monolayer ͑four oxygen atoms per cell͒ plus one subsurface oxygen atom in the tetra-I site, ͑b͒ as for ͑a͒ but with two oxygen atoms in the tetra-I site, ͑c͒ and ͑d͒ as for ͑b͒ but with three and four oxygen atoms in the tetra-I sites, respectively. The average adsorption energy with respect to the clean Ir͑111͒ substrate and free oxygen atoms, as well as the corresponding coverage, are given at the bottom of each figure. The relative variation of the atomic interlayer spacings, with respect to the bulk value, is also given to the right of the figures. The large ͑gray͒ and small ͑red͒ spheres represent iridium and oxygen atoms, respectively.
C. Energetics
The binding energies, E b , of on-surface oxygen on the Ir͑111͒ surface in the fcc, hcp, on-top, bridge, octa, tetra-I and tetra-II sites, at coverage 0.25 ML are listed in Table II given with respect to the free oxygen atom. In Fig. 3 , the average binding energies for the various oxygen structures are plotted as a function of coverage.
It can be seen from Table II that the fcc-hollow site is energetically most favorable. This is in agreement with the experiment LEED study for the ͑2 ϫ 2͒ superstructure. 49 The fcc preference for adsorbed oxygen has been observed on the ͑111͒ faces of several other fcc transition metals. 52 Of the subsurface sites considered, the tetra-I site is most favorable. It is, however, significantly less stable than on-surface chemisorption, presumably because of the additional energy cost of distorting the substrate lattice and breaking metalmetal bonds.
From Fig. 3 , it can be seen that the binding energy for O on Ir͑111͒ increases modestly in the coverage range from ⌰ = 0.11 to 0.25 ML, and then decreases with oxygen coverage for both the fcc and hcp sites up to ⌰ = 1.00 ML. For oxygen adsorbed in the on-top site, the binding energy varies little with the coverage, with an average value of 3.57 eV. For oxygen in the subsurface octa, tetra-I and tetra-II sites, the binding energy increases rapidly with the oxygen coverage, indicating an effective attractive interaction between O atoms. For the "mixed" on-surface+ subsurface structures, it can be seen that they are less favorable than the on-surface configurations, but with increasing coverage they exhibit a slight increase in the binding energy, indicating a weak effective attractive interaction. This increase in average binding energy for increasing coverage ͑from 0.50 to 1.0 ML͒ of subsurface oxygen is similar to what has been found for other transition metals ͑e.g., Rh and Ru͒. The most energetically favorable of all are the surface-oxide-like structures 2 , respectively. The inset shows the top view of the atomic structure of the ͑2 ϫ 2͒-4O fcc / O tetra-I structure containing four oxygen atoms in fcc sites and one oxygen atom in the subsurface tetra-I site ͑with total coverage 1.25 ML͒. The large ͑yellow͒ and small ͑red͒ spheres represent iridium and oxygen atoms, respectively.
consisting of an O-Ir-O trilayer with a ͑ ͱ 3 ϫ ͱ 3͒R30°peri-odicity in a ͑2 ϫ 2͒ surface unit cell ͑shown in Fig. 2͒ . For the most favorable structure, it has an average binding energy slightly more favorable than the full monolayer onsurface structure. As indicated by the dashed line in Fig. 3 , for increasing coverages of oxygen, the results indicate that there will be a phase transition from on-surface adsorption to the reconstructed surface-oxide-like structure with local coverage of 1.5 ML.
It is interesting to compare these results with those for O adsorption on Rh͑111͒, 71, 78 Ir's upper neighbor in the Periodic Table, and neighbors to the right of it in the Periodic Table, Pt͑111͒ and Au͑111͒. In Fig. 4 , we have plotted the binding energies of these systems, where oxygen occupies the fcc sites. It can be seen that the binding energy of oxygen on Rh͑111͒ is stronger than that of Ir͑111͒, e.g., at coverage =0.25 ML it is about 0.60 eV larger. The less exothermic binding energy of O on Ir͑111͒ compared with Rh can be expected from the comparison of the experimental enthalpy of formation of bulk IrO 2 per oxygen atom ͑−1.42 eV͒ and that of Rh 2 O 3 ͑−1.78 eV͒. 79 According to the "TanakaTamaru rule," the initial enthalpies of chemisorption of oxygen and other molecules are linearly related to the enthalpies of formation of the most stable oxides. 80 The binding energies shown in Fig. 4 decrease progressively for the elements to the right in the Periodic Table, i.e., for Pt and Au, which is due to the continued filling of the d band in the late TMs, leading to an increased occupation of antibonding oxygen-metal states. 81 At 0.25 ML, the binding energy is about 0. 
D. Atomic structure
The calculated atomic geometries of the O/Ir͑111͒ structures ͑for ⌰ = 0.11 to 1 ML͒ are listed in Table III , where the binding energy is also included. The relaxed interlayer distances d 12 83 In Fig. 4͑b͒ , it can be seen that the trend is similar to Rh͑111͒, except that the work-function change for Rh is initially ͑i.e., for 0.25Յ⌰Յ0.5͒ steeper. At ⌰ = 0.5 ML, the work-function change is 0.528 eV, which is in good agreement with the experimental value 0.56 eV. 84 Figure 4͑b͒ shows the work-function change increases as a function of coverage and reaches a saturation value at ⌰ = 0.75 ML. The reason for such an increase is the high electronegativity of oxygen inducing partial electron transfer from the substrate to the O atom, and consequently giving rise to an inward pointing surface dipole moment ͑with the negative charge at the vacuum side of the surface͒. At lower coverages, O adatoms are partially negatively charged inducing an adsorbateadsorbate repulsion. With the increase in coverage, to reduce this repulsion, there will be partial electron transfer back to the substrate, giving rise to a decrease in the surface dipole moment, resulting in a depolarization ͓as shown in Fig. 4͑c͔͒ . For O/Au͑111͒ the work-function change for 0.25 and 0.50 ML falls in between the values for O/Ir͑111͒ and O/Rh͑111͒, but for higher coverages ͑0.75 ML and 1.0 ML͒, the value increases much more steeply. This is in agreement with experimental result. 85 To analyze the electron redistribution for O adsorption on Ir͑111͒ at 0.25 ML, the difference electron density is shown in Fig. 5͑a͒ in a plane perpendicular The nature of the O-Ir bond is characterized by a hybridization between the O-2p and Ir-5d orbitals. This can be seen from the corresponding partial density of states ͑PDOS͒ shown in Fig. 6 . Considering the PDOS, it can be seen that there is a broadening and shifting of the atomic O energy levels to lower energies, and the oxygen levels are split into bonding and antibonding states. The bonding states are around 5.5-7.5 eV below the Fermi level and the antibonding states mainly around 1-2 eV above the Fermi level, where they are only partially occupied. The weight of the O-2p states are on the bonding states, resulting in a rather strong bond between oxygen and the Ir surface. It can be seen from the PDOS that with increase in coverage, from the 0.25 ML to 1.0 ML, occupation of the antibonding states increases slightly. This behavior is consistent with the binding energy decreasing with increase in O coverage.
IV. BULK IRIDIUM OXIDE IrO 2
It is useful to consider the properties and structure of bulk iridium oxide. There are two kinds of iridium oxide, i.e., iridium dioxide IrO 2 and diiridium trioxide Ir 2 O 3 . The former is the most common oxide of Ir and has the rutile structure, which is shown in Fig. 7 . The space group of the rutile structure is P42/ mnm, which is nonsymmorphic. The point-group symmetries at the Ir-atom and O-atom sites are D 2h and C 2v , respectively. We summarize the calculated properties of bulk IrO 2 and compare with experiment and other DFT calculations in Table  IV . In particular, we list the lattice constants, the shortest bond lengths of Ir-Ir, Ir-O and O-O, the bulk modulus, and the heat of formation. For the lattice parameter, our DFT-GGA calculation overestimates by 1% compared to experiment. The experimental value of the standard enthalpy of formation is −1.42 eV, 79 which agrees very closely with the present result of −1.45 eV.
The band structure of bulk IrO 2 is shown in Fig. 8 and the PDOS is shown in Fig. 7 . It can be seen that in the energy interval around −2.0 and −1.0 eV, there is a very large peak, similar to that of the ͱ 3 / ͑2 ϫ 2͒ trilayer structure ͓see 
V. THERMODYNAMIC PHASE DIAGRAM OF THE O/Ir(111) SYSTEM
We now use Eqs. ͑5͒ and ͑6͒ to explore the effect of pressure and temperature on the stability of the various surface structures. We calculate the Gibbs free energy as a function of oxygen chemical potential and determine the relative stability range of each configuration ͑kinetic limitations are ignored͒. The result is presented in Fig. 9 where the oxygen chemical potential is correlated with pressure for three selected temperatures. Figure 10 shows the two-dimensional ͑p , T͒ phase diagram, where only the energetically most stable structures appear. From Fig. 9 , it can be seen that for low chemical potentials of oxygen up to ⌬ O = −1.58 eV, the clean Ir͑111͒ surface is energetically most stable. Upon increasing ⌬ O from −1.58 eV, we find that on-surface adsorption at the fcc-hollow site with oxygen coverage of 0.25 ML starts to be energetically favored over the clean surface. Beyond ⌬ O = −1.45 eV, the thermodynamically most stable phase is bulk iridium dioxide. From Fig. 10 it can be seen that at a pressure of about 10 −10 atm and 700 K, bulk IrO 2 is the thermodynamically stable phase. Various experimental reports have claimed oxidation of Ir͑111͒ occurs at around 600-800 K and at a pressure of about 10 −10 bar ͑ϳ10 −10 atm͒, 44,50-52 thus in accord with the theoretical result. Figure 10 shows clearly the three predicted stable phases of the O/Ir͑111͒ system; the clean Ir͑111͒ surface, the ͑2 ϫ 2͒-O/ Ir͑111͒ adsorption structure, and bulk iridium dioxide. From Fig. 9 , it can furthermore be seen that if full oxidation of the surface cannot occur, e.g., due to kinetic hindering, the metastable trilayer structure becomes energetically favorable for O Ն −0.65 eV.
Comparing the present ͑p , T͒ phase diagram with other reported ones for O/Ag͑111͒, 20 O/Au͑111͒, 28 O/Pd͑111͒, 17, 18 O/Rh͑111͒, 15 O/Ru͑0001͒, 10 O/Pt͑111͒, 27 and O/Cu͑111͒, 5 we find that the O/Ir͑111͒ system is closest to O/Rh͑111͒ in which thin surface-oxide-like configurations are only metastable with respect to bulk oxide formation. The experimen- tal observation of such metastable surface oxides for the O/Rh͑111͒ system is due to kinetic hindering effects, which could also possibly occur for the O/Ir͑111͒ system. Indeed, a very recent work 91 by He et al. studied the oxidation of Ir͑111͒ using the technique of in situ surface x-ray diffraction, combined with DFT calculations. At moderately low temperatures of about 600 K and pressures of up to 100 mbar ͑ϳ10 −1 atm͒, they observe that the layered oxidic structures formed on Ir͑111͒ which are kinetically stabilized, very similar to that of the O/Rh͑111͒ system. Thus, this finding strengthens and supports our prediction that the ͱ 3 / ͑2 ϫ 2͒ trilayer surface oxide structures may be observed on Ir͑111͒ if kinetic hindering occurs. This is also in accord with the DFT calculations performed in the same study. 91 Concerning other oxygen/metal systems, first-principles ͑p , T͒ phase diagrams obtained for the O/Ag͑111͒, O/Pd͑111͒, and O/Au͑111͒ systems, in contrast, predict the thermodynamic stability of thin surface oxide structures, prior to formation of the bulk oxide phase.
VI. CONCLUSION
We have investigated the adsorption and interaction of atomic oxygen on the Ir͑111͒ surface through first-principles DFT-GGA calculations. We find that for on-surface adsorption, the fcc-hollow site is energetically most favorable for all coverages considered ͑0.11 to 1.0 ML͒. In the coverage range 0.11 to 0.25 ML, the binding energy increases indicating an attractive interaction between the O atoms and the possible formation of a local p͑2 ϫ 2͒ periodicity. 92 With increasing oxygen coverage beyond 0.25 ML, the binding energy decreases due to a buildup of a significant repulsive interaction between the adsorbates. Pure subsurface adsorption under the first Ir͑111͒ layer is notably less stable than on-surface adsorption and is endothermic with respect to ͑half͒ the theoretical binding energy of the O 2 molecule. For oxygen coverages greater than 1 ML, we considered mixed on-surface+ subsurface structures involving a full ML of onsurface oxygen and subsurface oxygen. Incorporation of oxygen at the subsurface sites decreases the average binding energy, as compared to the on-surface chemisorption structures. However, upon increasing the subsurface oxygen concentration ͑from 0.5 to 1 ML͒, an effective attractive interaction between the O atoms is found.
We also considered the possible formation of reconstructed surface-oxide-like structures, namely the p2 : IrO 2 and p2 : IrO 2 -SR surface structures. These O-Ir-O trilayer structures can be described as a ͑ ͱ 3 ϫ ͱ 3͒R30°oxide layer on a p͑2 ϫ 2͒ / Ir͑111͒ surface unit cell, with the trilayer of the latter structure laterally shifted with respect to the former. These configurations are energetically favored for oxygen coverages greater than around 0.9 ML. To determine the predicted thermodynamically stable phases as a function of oxygen gas pressure and temperature, we used the approach of ab initio atomistic thermodynamics to evaluate the surface phase diagram for O/Ir͑111͒. We find that only three different phases are predicted to be stable, namely, the clean Ir͑111͒ surface, chemisorption of O at a coverage of 0.25 ML with a p͑2 ϫ 2͒ surface unit cell, and the bulk oxide phase. The ͱ 3 / ͑2 ϫ 2͒ trilayer surface oxide structure is predicted to form on Ir͑111͒ only when kinetic hindering occurs. This is supported by a very recent study on the oxidation of this surface by in situ experimental techniques, as well as DFT.
91
ACKNOWLEDGMENTS
We gratefully acknowledge support from the Australian Partnership for Advanced Computing National facility, the Australian Centre for Advanced Computing and Communication, and the Australian Research Council. We thank Mira Todorova for fruitful discussions.
APPENDIX: VIBRATIONAL CONTRIBUTIONS TO THE FREE ENERGY OF ADSORPTION
The vertical vibrational mode of O on Ir͑111͒ at an oxygen coverage of 0.25 ML has been calculated using a pseudopotential plane-wave basis set within the DFT-GGA framework. 54, 55 It is found to be 483 cm −1 , which translates to about 60 meV. For this study, we estimate the two lateral ͑in-plane͒ vibrational modes by varying this vertical mode by Ϯ50%, allowing us to define an upper and lower limit to the total vibrational contribution. Thus the total vibrational contribution can be written as a sum of the vibrational freeenergy contribution due to the vertical mode and that due to the estimated two lateral modes.
The vibration contribution to the free energy of adsorption, F vib , can be formally written as whereby , ប, k B and T are the vibrational mode, the reduced Planck's constant, the Boltzmann's constant, and the temperature of the system, respectively. Using Eq. ͑A1͒ and normalizing with respect to a p͑2 ϫ 2͒ surface area, the vibrational contribution to the free energy of adsorption is plotted in Fig. 11 . The ͑middle͒ solid line is drawn as a reference for the case when all three modes have the value of 60 meV. The upper and lower limits are shown as the dashed curve and dashed-dotted curve, respectively, in Fig. 11 . These plotted values are comparable to the values reported for other oxygen-metal systems and are well within Ϯ10 meV/ Å 2 for
